The intermolecular electron transfer from Achromobacter cycloclastes pseudoazurin (AcPAZ) to wildtype and mutant Alcaligenes xylosoxidans nitrite reductases (AxNIRs) was investigated using steady-state kinetics and electrochemical methods. 
M
؊1 s ؊1 ) than between AcPAZ and its cognate nitrite reductase (AcNIR) (K m ‫؍‬ 20 M and k ET ‫؍‬ 7.3 ؋ 10 5 M ؊1 s ؊1 ). A negatively charged hydrophobic patch, comprising seven acidic residues around the type 1 copper site in AcNIR, is the site of protein-protein interaction with a positively charged hydrophobic patch on AcPAZ. In AxNIR, four of the negatively charged residues (Glu-112, Glu-133, Glu-195, and Asp-199) are conserved at the corresponding positions of AcNIR, whereas the other three residues are not acidic amino acids but neutral amino acids (Ala-83, Ala-191, and Gly-198). Seven mutant AxNIRs with additional negatively charged residues surrounding the hydrophobic patch of AxNIR (A83D, A191E, G198E, A83D/A191E, A93D/G198E, A191E/G198E, and A83D/A191E/G198E) were prepared to enhance the specificity of the electron transport reaction between AcPAZ and AxNIR. The k ET values of these mutants become progressively larger as the number of mutated residues increases. The K m and k ET values of A83D/A191E/G198E (K m ‫؍‬ 88 M and k ET ‫؍‬ 4.1 ؋ 10 5 M ؊1 s ؊1 ) are 15-fold smaller and 4.7-fold larger than those of wild-type AxNIR, respectively. These results suggest that the introduction of negatively charged residues into the docking surface of AxNIR facilitates both the formation of electron transport complex and the electron transfer reaction.
Electron transfer is a key reaction in biological processes such as photosynthesis and respiration (1) (2) (3) . The specificity of electrostatic and hydrophobic interactions between proteins is important for electron transport complex formation in intermolecular electron transfer. Notably, electrostatic interactions between amino acid side chains on protein surfaces play important roles in preorientation and molecular recognition between electron transport partners. There are many papers on structural and kinetic investigations of the inter-protein interactions between dissimilatory copper-containing nitrite reductases (CuNIRs) 1 and their electron donor proteins from denitrifying organisms (4 -18) .
CuNIRs are classified into three subgroups based on the spectroscopic properties of type 1 copper, namely red CuNIRs, green CuNIRs, and other CuNIRs (4, 5) . The identical trimeric CuNIRs in the red and green subgroups generally have two copper centers, one type 1 copper and one type 2 copper per 36-kDa monomer (19 -21) ; the type 1 copper accepts one electron from an external electron carrier, and the type 2 copper (the reduction center of NO 2 Ϫ ) accepts an electron from the reduced type 1 copper site. An x-ray crystal structure analysis has been performed for two green CuNIRs from Alcaligenes faecalis S-6 (AfNIR) and Achromobacter cycloclastes (AcNIR) and a blue CuNIR from Alcaligenes xylosoxidans (AxNIR) (22) (23) (24) (25) (26) . These three CuNIRs have very similar trimeric structures indicated by a root mean square deviation for backbone atoms of 0.6 ϳ 0.7 Å. Each monomer contains a buried type 1 copper site ϳ7 Å beneath a hydrophobic surface patch. Whereas the blue CuNIR has been suggested to accept an electron from azurin (6, 7) or cytochrome c 551 (8, 9) , the physiological electron donor of green CuNIR is pseudoazurin (PAZ). The effect of electrostatic interaction between green CuNIR and PAZ was well investigated in a kinetic analysis of the intermolecular electron transfer reaction between mutant proteins (10, 11) and a crystal structure analysis (12) , as well as by using a computational simulation (13) (Fig. 1A ) that electrostatically interact with the positively charged Lys residues surrounding the hydrophobic patch of the type 1 copper site of its cognate, PAZ (Fig. 1B) . In the blue AxNIR, four of the negatively charged residues (Glu 112 , Glu 133 , Glu 195 , and Asp 199 ) are conserved at the corresponding positions of AcNIR, whereas the other three residues are not acidic amino acids but neutral amino acids (Ala-83, . Therefore, * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. the electrostatic interaction between AxNIR and AcPAZ would not be very effective in the electron transport complex formation.
In this paper we report that the specificity of the electron transfer reaction between AxNIR and AcPAZ is enhanced by the introduction of acidic amino acid residues surrounding the hydrophobic patch around the type 1 copper of AxNIR. We have prepared seven AxNIR mutants (A83D, A191E, G198E, A83D/ A191E, A83D/G198E, A191E/G198E, and A83D/A191E/ G198E). The electron transport from AcPAZ to altered AxNIRs was investigated using steady-state kinetics and electrochemical methods. We discuss how the electrostatic interaction between acidic and basic amino acid side chains on protein surfaces controls the rate of the intermolecular electron transfer reaction between CuNIR and PAZ.
EXPERIMENTAL PROCEDURES
Materials-The plasmid vector pMAL-c2X was purchased from New England Biolabs. A TaqDNA polymerase, restriction endonucleases, and other modifying enzymes were obtained from Takara Bio and TOYOBO. A Taq dye terminator cycle sequencing kit (Applied Biosystems) was used for sequence determination. All other chemicals were of analytical grade. Recombinant AcPAZ and the plasmid pMAxNIR for the expression of AxNIR as a fusion protein with the maltose-binding protein were prepared as reported previously (14, 27) .
Mutagenesis-Site-directed mutagenesis was performed using the PCR method. For single mutant AxNIRs, we performed a two-step PCR (27, 28) using oligonucleotide primers containing the same mutation (underlined), i.e. 5Ј-TGGTCAACCCGGACACCAACGCC-3Ј and 5Ј-CG-TTGGTGTCCGGGTTGACC-3Ј (A83D forward and reverse, respectively), 5Ј-CAAGGACTACGAACGCTGGCCG-3Ј and 5Ј-GGCCAGCGTT-TCGTAGTCC-3Ј (A191E forward and reverse, respectively), or 5Ј-CC-GAAAGCTATGAAGACACGGTGCAGG-3Ј and 5Ј-GCACCGTGTCTTC-ATAGCTTTCGGC-3Ј (G198E forward and reverse, respectively) with pMAxNIR as a template. The mutated DNA fragments were digested with restriction enzymes (EcoRI and BamHI for A83D and BamHI and HindIII for A191E and G198E) and exchanged with the corresponding fragment of pMAxNIR.
For double mutant AxNIRs (A83D/A191E and A83D/G198E), the mutated A83D gene fragment digested with restriction enzymes (EcoRI and BamHI) was ligated into pMAxNIR-A191E and pMAxNIR-G198E vector fragments, respectively. For the A191E/G198E double mutant, we carried out the PCR mutagenesis with G198E forward and reverse oligonucleotide primers and pMAxNIR-A191E as a template. For the triple mutant A83D/A191E/G198E AxNIR, the mutated A191E/G198E gene fragment digested with restriction enzymes (BamHI and HindIII) was ligated into the pMAxNIR-A83D vector fragment.
The mutant AxNIR genes (pMAxNIR-A83D, pMAxNIR-A191E, pMAxNIR-G198E, pMAxNIR-A83D/A191E, pMAxNIR-A83D/G198E, pMAxNIR-A191E/G198E, and pMAxNIR-A83D/A191E/G198E) were sequenced and expressed in Escherichia coli JM109 as recombinant proteins. Wild-type and mutant AxNIRs were purified as described previously (27) .
Spectral and Electrochemical Measurements-The electronic absorption spectra of wild-type and mutant AxNIRs were measured at room temperature with a Shimadzu UV-2200 spectrometer. The electron paramagnetic resonance spectra of frozen protein samples were recorded at 77 K with a JEOL JES-FE1X X-band spectrometer. The concentration of copper was determined with a Nippon Jarrel Ash AA-880 Mark-II atomic absorption spectrophotometer. Cyclic voltammetric analyses were carried out using a Bioanalytical Systems Model CV-50W voltammetric analyzer with a three-electrode system consisting of a silver/silver chloride reference electrode, a gold wire counter electrode, and a bis(4-pyridyl) disulfide modified gold working electrode under an argon atmosphere at 25°C. The intermolecular electron transfer rate constants between the PAZ and AxNIR mutants were obtained in 0.1 M phosphate buffer (pH 7) at 25°C.
Kinetic Analysis-The kinetic analyses of mutant AxNIRs and Ac-PAZ were carried out as follows. Reduced AcPAZ was prepared by the addition of 1.2 eq of ascorbate as a reducing reagent to the solution of the protein, and then the excess reducing reagent was removed by Sephadex G-25 gel filtration under argon atmosphere in a glove box. The reaction mixture contained 2 mM NaNO 2 and 20 -1,000 M reduced AcPAZ in a 20 mM potassium phosphate buffer (pH 7). The reaction was started by adding appropriate amounts of mutant AxNIR to the reaction mixture, and the increase in absorbance of oxidized AcPAZ at 593 nm was monitored under anaerobic conditions at 25°C. The molar extinction constant of oxidized AcPAZ (⑀ ϭ 3,700 M Ϫ1 cm Ϫ1 at 593 nm) was used to calculate kinetic parameters.
RESULTS AND DISCUSSION
Spectroscopic Properties of Mutant AxNIRs-Seven mutant AxNIRs (A83D, A191E, G198E, A83D/A191E, A83D/G198E, A191E/G198E, and A83D/A191E/G198E) were prepared as described "Experimental Procedures." The ratio of type 2 copper to type 1 copper in the mutants was estimated to be 0.60 ϳ 0.72 from the atomic absorption spectra of the holo and type 2 copper-depleted mutants. Visible electronic absorption and electron paramagnetic resonance spectra of mutant AxNIRs were almost the same as those of wild-type AxNIR (supplemental Figs. S1 and S2, available in the on-line version of this article). The absorption spectra of wild-type and mutant AxNIRs exhibited one intense band at 593 nm (⑀ ϭ ϳ3,800 M Ϫ1 cm Ϫ1 ) and two broad bands at 470 and 775 nm. The visible absorption bands were assigned to S(Cys) 3 Cu(II) charge transfer transitions of the type 1 copper. EPR signals of wildtype and mutant AxNIRs displayed the parameters g // ϭ ϳ2.21, A // ϭ ϳ6.7 mT, and g Ќ ϭ ϳ2.06 for the type 1 copper and g // ϭ ϳ2.31 and A // ϭ ϳ11.7 mT for the type 2 copper. The spectral data indicate that the coordination structures of the type 1 and 2 copper sites in all the mutants are almost the same as those in the wild-type AxNIR (g // ϭ 2.22, A // ϭ 6.9 mT, and g Ќ ϭ 2.05 for the type 1 copper and g // ϭ 2.32 and A // ϭ 12.8 mT for the type 2 copper) (29) . Therefore, the mutations of Ala-83 to Asp, Ala-191 to Glu, and Gly-198 to Glu in AxNIR had little effect on the coordination structure of the type 1 and 2 copper sites. The positions of Ala-83, Ala-191, and Gly-198 in AxNIR correspond to those of Asp-89, Glu-197, and Glu-204 in AcNIR, which are the negatively charged residues around the hydrophobic patch centered at the type 1 copper (Fig. 1A) . Other negatively charged residues (Glu-112, Glu-133, Glu-195, and Asp-199) around the hydrophobic patch in AxNIR are conserved in Ac-NIR (Glu-118, Glu-139, Glu-201, and Asp-205), and, hence, A83D/A191E/G198E would have a docking surface environment quite similar to that of AcNIR. Kinetic Analysis-We determined the apparent electron transfer kinetic parameters between PAZ and wild-type and mutant AxNIRs using steady-state kinetics. The k cat and K m values are shown in Table I . The K m values of mutant AxNIRs decreased in proportion to the number of mutated residues, indicating the increasing affinity of mutant AxNIRs for PAZ. The single mutants of AxNIR, A83D, A191E, and G198E exhibited 1.3-, 1.4-, and 2.7-fold smaller K m values, respectively, than that of the wild-type AxNIR. The double mutants of Ax-NIR, A83D/A191E, A83D/A198E, and A191E/G198E showed 4.2-, 5.4-, and 5.6-fold smaller K m values, respectively. Furthermore, the simultaneous replacement of three of these residues (Ala-83, Ala-191, and Gly-198) caused a significant increase in affinity (K m ϭ 88 M), which is considerably similar to that of AcNIR (K m ϭ 20 M). These results suggest that the negatively charged altered residues (Asp-83, Glu-191, and Glu-198) and the conserved acidic residues (Glu-112, Glu-133, Glu-195, and Asp-199) form the negatively charged docking surface in A83D/ A191E/G198E and are involved in the formation of the electron transport complex, with AcPAZ having the positively charged docking surface.
Interestingly, the k cat values in Table I are not significantly different within the group of mutations. The findings suggest that the rate-limiting step is not the electron transfer from PAZ to the enzymes but might be the reduction of NO 2 Ϫ by AxNIR in the steady-state assay system. Fig. 2 depicts the scheme for voltammetric experiments in which the following events take place: 1) PAZ is reduced at the electrode surface; 2) the reduced PAZ transfers an electron to CuNIR; and 3) the reduced CuNIR is reoxidized by NO 2 Ϫ . In the reduction of NO 2 Ϫ to NO, the direction of the electron transfer process is electrode 3 PAZ 3 CuNIR 3 NO 2 Ϫ . We have previously evaluated the various rate constants for intermolecular electron transfer (k ET ) from electron donor proteins to CuNIRs using cyclic voltametry (4, 9, 14 -17) . The k ET from AcPAZ to AcNIR has been evaluated to be 7.3 ϫ 10 5 M Ϫ1 s Ϫ1 at pH 7 (15) . Shown in Fig. 3 are the cyclic voltammograms of PAZ alone (a), PAZ in the presence of wild-type AxNIR (b), A191E (c), A83D/A191E (d), and A83D/A191E/G198E (e), and AcNIR (f) in the presence of nitrite at pH 7. The voltammetric response is little affected by the addition of nitrite to the solution of PAZ (Fig. 3a) , suggesting that there is no direct electron transport from the reduced PAZ to nitrite. Upon the addition of CuNIR to the PAZ solution containing nitrite, however, the shape of the voltammogram changed dramatically, and the sigmoidal cathodic current-potential curve (catalytic current) was enhanced (Fig. 3, b-f) . The appearance of the catalytic current indicates the regeneration of oxidized PAZ by the electron transport from reduced PAZ to CuNIR in the diffusion layer. The catalytic current heights reflect the reac- where C PAZ and C NIR are the solution concentrations of PAZ and CuNIR, respectively, D PAZ is the diffusion coefficient of PAZ, n is the number of electrons, F is the Faraday constant, and A is the area of the working electrode; k is the homogeneous rate constant for the reaction of reduced PAZ with oxidized CuNIR, being equal to the k ET from PAZ to CuNIR. This expression predicts a scan rate-independent, steady-state current that is proportional to the PAZ concentration and the square root of the concentration of CuNIR (30, 31) . The k ET values calculated with Equation 1 are shown in Table II . Wild-type AxNIR can slowly accept one electron from AcPAZ (k ET ϭ 0.87 ϫ 10 5 M Ϫ1 s Ϫ1 ), suggesting that only four negatively charged residues (Glu-112, Glu-133, Glu-195, and Asp-199) around the hydrophobic patch in AxNIR (Fig. 1A) will interact electrostatically with the Lys ring in PAZ (Fig. 1B) . The electron transfer reaction between wild-type AxNIR and AfPAZ has also been reported (13) . Furthermore, cytochrome cd 1 nitrite reductase can accept electrons from a range of structurally different donors, including pseudoazurin, azurin, cytochrome c 551 , and cytochrome c 550 . These results can be construed in terms of the concept of "pseudospecificity" to mean that different combinations and orientations should be possible between redox partner proteins through intrinsically small specific hydrophobic patches and by stabilizing complementary electrostatic interactions rather than through strictly specific proteinprotein interactions (32, 33) .
Intermolecular Electron Transfer Reactions between PAZ and CuNIRs-
The replacement of Ala-83, Ala-191, and Gly-198 of AxNIR with negatively charged residues brings about an increase in k ET values as shown in Table II . Because the affinity of mutant AxNIRs for PAZ is also increased in proportion to the number of mutated residues, the observed electron transfer rates are probably associated with the electron transport complex forma- (Table II) and a 2.7-fold smaller K m value for PAZ (Table I ) than the wild-type enzyme. It has been proposed that Glu-204 of AfNIR, corresponding to Gly-198 of AxNIR, interacts with Lys-38 of AfPAZ in the electron transport complex (10), whereas Glu-204 of AcNIR interacts with Lys-10 and Arg-114 of AcPAZ (12) . Although the basic amino acid residue of AcPAZ interacting with the Glu-198 residue of G198E can not be specified, the electrostatic interaction between Glu-198 of AxNIR and a positively charged residue of PAZ enhances the electron transport complex formation and the electron transfer reaction.
The double mutant A83D/A191E has a 3-fold larger k ET value (2.6 ϫ 10 5 M Ϫ1 s Ϫ1 ) than wild-type AxNIR. These findings suggest that Asp-83 and Glu-191 in A83D/A191E interact cooperatively with PAZ. The introduction of other negatively charged residues into AxNIR (A83D/G198E and A191E/G198E) also enhances the electron transport complex formation and the electron transfer reaction. It has been reported that Glu-197 of AfNIR, corresponding to Ala-191 of AxNIR, interacts with Lys-10 of AfPAZ (10) . Although the negatively charged Asp-89 residue of AfNIR and AcNIR, corresponding to Ala-83 of AxNIR, has been reported not to interact with any positively charged residues of AfPAZ and AcPAZ, Asp-89 might cooperatively contribute to the electrostatic interaction with PAZ.
Moreover, the simultaneous replacement of all of the three residues (Ala-83, Ala-191, and Gly-198) results in a 4.7-fold increase in the k ET value compared with that of wild-type AxNIR. The K m value of the triple mutant is 15.2-fold smaller than that of wild-type AxNIR, which implies that the electrostatic interaction between AxNIR and PAZ is important for the enhancement of specific docking between the redox partners. It should be noted that the k ET value between PAZ and A83D/ A191E/G198E (4. (15) . The redox potential of the type 1 copper in AxNIR (ϩ290 mV at pH 6) is similar to that in AcNIR (ϩ270 mV at pH 6), and the intramolecular electron transfer rate constant of AxNIR from the type 1 copper to the type 2 copper (2100 s Ϫ1 at pH 6) is the same as that of AcNIR (2100 s Ϫ1 at pH 6) (4). The four negatively charged residues, Glu-112, Glu-133, Glu-195, and Asp-199 of AxNIR are conserved in AcNIR (Glu-118, Glu-139, Glu-201, and Asp-205), as shown in Fig. 1A . Therefore, A83D/A191E/G198E has the same negative charge distribution on the surface near the type 1 copper as that of AcNIR. However, six of sixteen amino acid residues that constitute the hydrophobic patch around the type 1 copper of AxNIR are different from those of AcNIR. It has been proposed that the hydrophobic patch in blue copper proteins like plastocyanin is important for the formation of an active electron transport complex, and a high degree of complementarity between the interacting surfaces is required for the fast electron transfer (34) . Therefore, the smaller k ET value of A83D/A191E/G198E, as compared with that of AcNIR, would be due to the different structure of the hydrophobic patch between A83D/A191E/G198E and AcNIR. Although it is difficult to display the exact structure of the electron transport complex between PAZ and A83D/A191E/G198E, it would be very similar to that of the electron transport complex between PAZ and AcNIR. The computer simulation of protein docking between AfNIR and AfPAZ has been reported to be the most favorable, and the next best eight models show similar hydrophobic interactions but with a rotation about the ␤-barrel axis of PAZ (13) . A similar protein docking model can also be proposed for the electron transport complex between PAZ and A83D/A191E/G198E.
Conclusions-We have investigated the intermolecular electron transfer from AcPAZ to wild-type and seven mutant AxNIRs (A83D, A191E, G198E, A83D/A191E, A93D/G198E, A191E/G198E, and A83D/A191E/G198E) in comparison with AcNIR using spectroscopic and electrochemical methods. The pseudospecific interaction between AcPAZ and wild-type Ax-NIR was observed, and the specificity of AxNIR was enhanced by the introduction of negative charges into the protein surface. The three mutated amino acid residues with the four negatively charged residues (Glu-112, Glu-133, Glu-195, and Asp-199) form a "negatively charged ring" surrounding the hydrophobic surface of the type 1 copper site of AxNIR, which interacts electrostatically with the positively charged hydrophobic surface of PAZ. This is the first example of the enhancement of both the electron transport complex formation and electron transfer reaction between PAZ and CuNIR mutated by protein engineering. 
